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Abstract:
The hot deformation behavior of 2Cr11Mo1VNbN martensitic stainless steel is
investigated through isothermal compression tests between 1173 K and 1423 K with
strain rates of 0.005-5 s-1. Based on the experimental results, the work
hardening-dynamic recovery stage and dynamic softening stage are evaluated, and a
couple-stage constitutive model is developed to describe the work hardening-dynamic
recovery behavior and dynamic softening behavior. The phenomenological
constitutive models, which take the temperature, strain and strain rate into account,
are established. Comparison between the predicted and experimental flow stress
indicated that the established models accurately describe the hot deformation
behaviors for the studied supercritical steel.
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Introduction
Martensitic stainless steels are widely used in critical parts of industrial

equipment, such as surgical instruments, steam turbines and nuclear power equipment.
The alloying elements in the steel make it with high strength and corrosion resistance.
However, the formability at room temperature of the steel limits its application in the

field of engineering. Manufacturing process of the steel usually conducted at elevated
temperatures to get preferable formability. A constitutive model of materials depicts
flow behavior of the material, providing an important tool for investigating the hot
deformation behavior in finite element simulation (Ref 1). The accuracy of finite
element simulation mainly depends on exactitude of constitutive model of the
material. Accurate constitutive models are required to depict the hot deformation
behaviors of materials. The hot deformation behaviors of metals are complex and
nonlinear relationships of flow stress, strain, strain rate and temperature, due to the
complex deformation mechanisms, including work hardening (WH), dynamic
recovery (DRV) and dynamic recrystallization (DRX).
During hot working conditions, WH, DRV and DRX behaviors often occur in
metals or alloys with low stacking fault energy (Ref 2-4). Generally, the WH and
DRV behavors in materials can be well explained by dislocation density theory (Ref
5,6). In plastic deformation, the accumulation of dislocations leads to WH, while the
annihilation of dislocations leads to a reduction of dislocation density, resulting in
decrease of flow stress. During hot deformation, microstructure evolution and internal
defects development contribute to the softening process (Ref 7-11). Both hardening
and softening behaviors are affected by the hot deformation parameters. DRX
behavior is an important element in microstructural evolution of materials and is
mainly influenced by the deformation conditions and original microstructure (Ref 12,
13). Similar to DRX, the heating during deformation can also result in a drop in flow
stress and cause thermal softening (Ref 14). In recent years, many studies have been
conducted to explore hot deformation behavior of materials. Lin et al. presented
multi-gene genetic programming (MGGP), artificial neural network (ANN) and
Arrhenius type phenomenological models predict the flow stress of a nickel-based
superalloy (Ref 15). Nima et al. modeled the hot compression behavior of the studied
material with a modified Estrin–Mecking approach (Ref 16). Mandal et. al. proposed
a constitutive equation to predict high temperature flow stress in a Ti-modified
austenitic stainless steel (Ref 17). Gupta et al. studied the constitutive model to
predict the flow stress of 316 austenitic stainless steel (Ref 18). Momeni and

Dehghani analyzed the relationship between the flow stress and Zener−Hollomon
parameter and developed the power dissipation and the instability map of AISI 410
martensitic stainless steel (Ref 19). Ren et. al. proposed a constitutive model to
describe the hot deformation behavior of X20Cr13 martensitic stainless steel with
strain effect (Ref 20). Mohseni developed a two-stage model to predict the plastic
flow stress via an extended Ludwik model at low temperatures and a Zener–Hollomon
model at high temperatures (Ref 21). Zeng et al. studied the peak strain and kinetic
equation for DRX of 403b heat-resistant martensitic stainless steel (Ref 22).
Abbasi-Bani et. al. analyzed the capability of Johnson-Cook and Arrhenius-type
constitutive equations to describe the flow behavior of an Mg-6Al-1Zn alloy (Ref 23).
Li et. al. proposed a comparative study on modified Johnson Cook, modified
Zerilli-Armstrong and Arrhenius-type constitutive models to predict the hot
deformation behavior of 28CrMnMoV steel (Ref 24). Ravindranadh established
constitutive models of high-strength armor steel using the original Johnson-Cook (JC)
model, modified JC model, and strain-compensated Arrhenius model (Ref 25).
However, it can be noticed that these models do not consider the physical deformation
mechanisms, such as WH, DRV and DRX behavior in deformation. The aim of this
work is to characterize the hot deformation behavior of studied steel by isothermal
compression tests under different deformation conditions, and establish a
physically-based constitutive model considering the WH-DRV and DRX mechanisms
to depict the hot deformation behavior. A statistical comparison was performed to
validate the predicting capability.
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Materials and Experiments
Commercially available forged martensitic stainless steel with the chemical

composition (wt.%) of 0.183C, 0.38Si, 0.68Mn, 0.014P, 0.010S, 0.48Ni, 10.48Cr,
0.87Mo, 0.09Nb, 0.20V, 0.076N, and remainder Fe. is used in this study. Cylindrical
specimens with a diameter of 8 mm and a height of 12 mm were prepared by
wire-electrode cutting. Hot compression tests were performed using a Gleeble-3500

thermo-mechanical test simulator. The tests were conducted at the temperatures range
from 1173K to 1423K with the strain rate of 0.005s-1, 0.05s-1, 0.5s-1, 5s-1.
Compression tests were carried out in an inert atmosphere and samples were equipped
with type S thermocouples. All samples were heated to 1473K at a heating rate of
10K/s and held for 3 minutes to obtain uniform microstructure. The specimens were
cooled to the corresponding deformation temperatures at cooling rate of 20K/s and
held for 2 minutes to ensure a uniform material temperature. The detailed deformation
processing path is shown in Fig. 1(b). Tantalum foil of 0.1 mm thickness and graphite
lubricant were used between the specimen and dies to reduce friction. The specimens
were then quenched in water after compression tests. The stress-strain data were
automatically recorded by the testing system. In order to observe the microstructure,
specimens were chemically etched with 33% HNO3 + 33% acetic acid+ 33% H2O + 1%
HF to reveal the grain boundaries. The original optical microstructure of the hot
compression test samples is shown in Fig. 1(a), and the mean initial average grain size
of the materials is 158 μm by planimetric procedure (ASTM:E112-13).
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Experimental results and analysis

3.1. Flow stress behavior and microstructure
The experimental stress-strain curves under various deformation conditions are
presented in Fig. 2. It can be found from the figure that the stress significantly
increases to a peak with the increase of strain at initial stage, due to dislocations
generation and multiplication induced by work hardening. At this stage, the work
hardening caused by dislocations is dominant and powerful rather than the
compensation of softening of DRV (Ref 26). With increasing strain, the flow stress
will decreases due to compensation of softening becomes more powerful that work
hardening effects can be partially countervailed by softening mechanisms like DRV
and DRX. Finally, an equilibrium will be achieve between work hardening effects
caused by dislocations multiplication and softening effects caused by dislocations

annihilation. In microstructural scale, microstructure evolution during hot deformation
process is consider as an equilibrium between WH and softening. The peak stress
increases significantly with increasing strain rate and decreasing temperature. The
curves at temperature above 1273 K with a strain rate below 0.05 s-1 exhibit a flow
stress curve with a single peak and achieve the steady state condition. The steady
condition is not achieved at temperatures below 1273 K and strain rate above 0.05 s-1.
The peaks observed in the curves indicates the appearance of DRX at temperatures
greater than 1273K and strain rates below 0.05 s-1, while the unobvious peaks and
steady states signifies the incomplete DRX due to the limited strain of 0.7 (Ref 27). In
this steel, the flow stress curves obtained at low strain rate show weak softening
followed by steady state of flow stress while at high strain rates distinct softening
characteristics is observed. This phenomena is mainly attributed to adiabatic heating
effects that generated heat cannot effective dissipated in short time. At low strain rates,
the long deformation time enhances the softening effects of DRV and DRX resulting
in lower flow stress. In the deformation process, higher temperatures provide a larger
driving force for dislocation annihilation and grain boundary migration, which results
in recovery and recrystallization (Ref 28, 29).
Fig. 3 shows the optical microstructure of the tested specimens at strain of 0.7
under different deformation temperatures and strain rates. Compared with Fig. 1(a),
nearly all coarse original grains in Fig. 3 are replaced by the new grains, and grains
maintain equiaxed shapes and constant sizes. At the strain of 0.7, the recrystallization
nearly complete and the microstructure become much more homogeneous. The
average grain sizes were measured as (a) 38 μm, (b) 51 μm, (c) 97 μm, (d) 83 μm for
the different deformation conditions. It can been seen that the grain size increased
accompanied by increase of temperature (Fig. 3(a,b)) and decrease of strain rate
(Fig.3(c,d)). The phenomenon is mainly attributed to dislocation multiplication and
annihilation: high temperature increases the dislocation annihilation and grain
boundary migration, which lead grains to grow up, and high strain rate contributes to
work hardening and results in insufficient time for recrystallization and grow up of
the grains. In hot deformation process, the nucleation of DRX is promoted by large

stored energy while the grain growth is enhanced by drying force of heating and long
deformation period. The terminal grain size is dependent on the synergistic effects of
deformation rate, stored energy and adiabatic heating.
3.2 Work hardening and dynamic recovery
The dislocation storage and annihilation contribute to dislocation density and
result in DRV and DRX during hot deformation. The dislocation evolution can be
expressed as (Ref 21),
ρ⁄dε

ρ

( 1 )

where U, Ω and ρ represent dislocation multiplication, the annihilation coefficient and
dislocation density, respectively. Ωρ represents the DRV due to the dislocation
annihilation and rearrangement. Integrating Eq. (1), the ρ can be expressed as,
ρ

1

( 2 )

where ρ0 is the initial dislocation density. Previous studies have shown that at high
temperatures, the effective stress is negligible compared to the internal stress (Ref 30,
31), so that the applied stress can be related directly to the square root of the
dislocation density,
( 3 )
where α is the material constant, μ is the shear modulus, b is the distance between
atoms along slip direction. Combining the equations above, the flow stress during WH
and DRV period can be expressed as (Ref 30, 32, 33),
.

( 4 )
1

or

.

(5)

where σ is the flow stress. The saturation stress σsat and yield stress σ0 are equal to
⁄

and

, respectively.

To determine the constitutive equation in Eq. (4), the parameters of saturation

stress (σsat), yield stress (σ0), and DRV coefficient (Ω) need to be calculated.
Fig. 4 illustrates the work hardening curves of the studied steel at different
temperatures and strain rates. Regimes, where the curve sharply decreases, are defined
as before the DRX onset. The inflections in working-hardening curves, DRX critical
point correspondingly, have been demonstrates as transformation between two
competition mechanisms. Fig. 5 shows the relationship between the work hardening
rate (θ) and flow stress (σ) at 1373 K with strain rate of 5 s-1. The curves show that the
work hardening rate decreases dramatically with an increase in flow stress due to
potential early stage DRV behavior. In regimes II, a less severe slope can be observed,
indicating DRX. The inflection point can be determined by the peak value of
⁄

. The inflection point in the θ-σ curves in Fig. 4 is determined by the peak
⁄

point in the

versus σ curve, which corresponds to the initiation of DRX,

according to the method of Poliak and Jonas (Ref 34).
Saturation stress σsat cannot express the stress directly, though it can be expressed
as the function of peak stress σp. The relationship between the saturation stress and
peak stress is shown in Fig. 6. These properties have a linear relationship that can be
expressed as follows,
0.0195

1.02

( 6 )

In general, the combined effects of forming temperature and strain rate on the
flow stress can be expressed by the Zener-Hollomon parameter as follows (Ref 35),
⁄
where

(7)

is the strain rate, R is the universal gas constant (8.314J·mol-1·K-1), T is the

absolute temperature (K). Q is the activation energy (J·mol-1) and is calculated to be
509.71 k J·mol-1.
The yield stress σ0 over a range of deformation temperatures and strain rates can
be obtained from the flow stress-strain curves. The relationship between the yield
stress and Z parameter is shown in Fig. 7, and the linear relationship can be expressed
as,

2.03

56.2

( 8 )

According to Eq. (4) the DRV coefficient Ω can be described as,
( 9 )
The coefficient Ω can be determined based on the flow stress-strain curves, and
can be expressed by Z parameter (Fig. 8),
42.1

.

(10)

Based on the equations above, the flow stress equations of WH-DRV period of
the steel can be described as,
.

0.0195 1.02
2.03
56.2
.
42.1
5.10 10 ⁄

(11)

To determine if DRX has occurred, the critical strain εc is associated with the
peak strain and expressed by the dimensionless parameter Z/A (Ref 16, 36). The linear
fitting of the critical strain, critical stress, peak strain and peak stress with the
dimensionless parameter Z/A are shown in Fig. 9. The relationships can be expressed
as,
0.504
0.0240
0.565
0.0902

.
.
.
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.

3.3 Kinetics of DRX
In this investigation, the Avrami type equation (Ref 37-40) is used to describe the
DRX behavior,
1

(13)

where Xd is the volume fraction of DRX; k, n are the material constants; ε, εp and εc

are the true strain, peak strain and critical strain, respectively. Meanwhile, the flow
stress is also related to the evolution of microstructures. Based on the Avrami equation,
the recrystallization volume fraction Xd can be determined as (Ref 16, 38),
(14)
where σ is the instantaneous flow stress, and σsat and σss are the saturated stress and
steady state stress, respectively.
Based on Eq. (13) and (14), the flow stress in DRX stage can be expressed as,
1

(15)

Taking the natural logarithm on both sides of Eq. (15), Eq. (15) can be expressed as
Eq. (16),
(16)
The value of k and n can be determined by linear fitting in combination with the
volume fraction of DRX and Eq. (16). The linear relationship between lnln(1/(1-Xd))
and ln((ε-εc)/εp) is shown in Fig. 10. The slope value of the regression fitting line is n,
and the intercept of the fitting line is lnk. Therefore, the kinetic model of DRX can be
described as,
1

0.923

.

(17)

On the basis of Eq. (17), the effects of deformation temperature, strain and strain
rate on the DRX volume fraction are shown in Fig. 11. The deformation strain
required for the same volume DRX fraction increases with increasing strain rate and
decreases with increasing temperature.

Fig. 12 shows the dependence of the steady stress σss on the peak stress σp, and
the relationship can be described as,
0.988

(18)

Therefore, the constitutive equations during the WH, DRV and DRX periods of
the steel can be expressed as,
.

1
.

.

.

.

.

1.02
0.0195
2.03
56.2
5.10 10 ⁄
.
42.1
0.988
0.0240 .
0.0902 .

1
(

1

9

)

3.4 Verification of developed constitutive model
To verify prediction accuracy of the developed constitutive model, comparison
between the experimental and predicted flow stress data is shown in Fig. 13. These
results show that the predictions are in good agreement with the experimental data.
The predictability of the constitutive equations considering strain compensation
can be described through the correlation coefficient (R) and the average absolute
relative error (AARE), which can be defined as,
∑
∑

%

(20)

∑

∑

100

(21)

The correlation between experimental data and predicted data over the entire
range of strain, strain rate and temperature is shown in Fig. 14. The calculated
correlation coefficients and average absolute relative errors are 0.998 and 2.34%,
indicating the newly established models can be used to predict the flow stresses of the
studied martensitic stainless steel.

4

Conclusions
In this paper, the hot behavior of the 2Cr11Mo1VNbN martensitic stainless steel

is investigated over a temperature range of 1173–1423 K and stain rate range of
0.005–5 s-1. Based on the experimental data, a physically-based constitutive models
were established to describe the hot deformation behaviors (WH, DRV and dynamic
softening behavior) of the studied steel. The physically-based equations developed
could be used to describe the WH-DRV period and DRX period and thus improve the
reliability of flow behavior. The comparison between the measured and predicted
results indicates that the proposed constitutive equations can accurately characterize
the flow behavior and used in numerical simulation of the hot deformation process of
the studied steel.
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Figure Captions

Fig. 1. (a) Original microstructure and (b) Scheme of thermal history for hot
compression tests of 2Cr11Mo1VNbN martensitic stainless steel

Fig. 2. True strain-stress curves at different strain rates and temperatures (a) 1173K,
0.005-5s-1, (b) 1273K, 0.005-5s-1, (c) 1374K, 0.005-5s-1, (d) 1423K, 0.005-5s-1.

Fig. 3. Microstructure of steel at (a) temperature of 1273K, strain rate of 0.05s-1 and
strain of 0.7 (b) temperature of 1373K, strain rate of 0.05s-1 and strain of 0.7 (c)
temperature of 1423K strain rates of 0.5s-1 and strain of 0.7 (d) temperature of 1423K
strain rates of 5s-1 and strain of 0.7

Fig. 4. Work hardening rate vs. stress at temperature of 1373K and strain rate of 5s-1.

Fig. 5. Relationships between θ and σ under different temperatures and strain rates
(a-d) 1173K, 1273K, 1373K, 1423K.

Fig. 6. Relationship between saturation stress σsat and peak stress σp

Fig. 7. Relationship between yield stress σ0 and Zener-Hollomon parameter Z.

Fig. 8 Relationship between coefficient Ω and Zener-Hollomon parameter Z.

Fig. 9. Relationship between (a) parameter Z/A and σc, εc. (b) parameter Z/A and σp
εp .

Fig. 10. Relationship between lnln(1/(1-Xd)) and ln[(ε-εc)/εp].

Fig. 11. Prediction of volume fraction of DRX under various deformation condition
with temperature of (a) 1173K, (b) 1273K, (c) 1373K, (d) 1423K.

Fig. 12. Relationship between steady stress σss and peak stress σp.

Fig. 13. Comparison experimental and predicted flow stress value of studied steel
under various hot deformation conditions.

Fig. 14. Correlation between the experimental and predicted flow stresses during hot
deformation.

